Abstract: Forty safflower genotypes were grown under normal irrigation and drought stress. In the first experiment, the allelopathic potential of shoot residues was evaluated using the sandwich method. Each genotype residue (0.4 g) was placed in a sterile Petri dish and two layers of agar were poured on that. Radish seeds were placed on agar medium. The radish seeds were cultivated without safflower residues as the controls. The length of the radicle, hypocotyl, and fresh biomass weight and seed germination percentages were measured. A pot experiment was also done on two genotypes with the highest and two with the lowest allelopathic activity selected after screening genotypes in the first experiment. Before entering the reproductive phase, irrigation treatments (normal irrigation and drought stress) were applied. Shoots were harvested, dried, milled and mixed with the topsoil of new pots and then radish seeds were sown. The pots with safflower genotypes were used to evaluate the effect of root residue allelopathy. The shoot length, fresh biomass weight, and germination percentage were measured. Different safflower genotypes showed varied allelopathic potential. The results of the first experiment showed that Egypt and Iran-Khorasan genotypes caused maximum inhibitory responses and Australia and Iran-Kerman genotypes resulted in minimum inhibitory responses on radish seedling growth. Fresh biomass weight had the most sensitivity to safflower residues. The results of the pot experiment were consistent with the results of in vitro experiments. Residues produced under drought stress had more inhibitory effects on the measured traits. Safflower root residue may have a higher level of allelochemicals or different allelochemicals than shoot residue.
Introduction
Safflower (Carthamus tinctorius L.) is an oilseed crop, which is grown all over the world for its high-quality oil and red and orange pigments extracted from its flowers. In recent years, safflower cultivation has increased as it is well-adapted to varied growth conditions, in particular to arid and semi-arid climates (Yousefi Davood et al. 2013) .
Since weeds have been identified as an important factor in crop yield and crop quality reduction, weed control is crucial. Cultural, mechanical, chemical and biological methods are the major factors in weed management. Among them, the use of herbicides is the principal method of managing weeds within a vast range of cropping systems (Powles et al. 1996) . Mechanical control is expensive and chemical control causes environmental issues and resistant weed biotypes emerge as a result of extensive and repetitive application of a particular type of herbicide. Biological control using allelopathic properties of plants is an alternative way of improving weed management. Recently worldwide demand for cheaper and more environmentally-friendly weed management technologies have inspired a number of researchers to study the interaction between crops and weeds (Om et al. 2002; Albuquerque et al. 2011; Itani et al. 2013) .
Allelopathy refers to both positive and negative biochemical interactions between all types of plants (Molisch 1937; Pedrol et al. 2006; Kabir et al. 2010) . These biochemical interactions are related to inhibitory and stimulatory substances that are released directly from living plants into the environment by different mechanisms such as root exudation, leaching, volatilisation, as well as through the decomposition of plant residues (Rice 1984) . Whittaker and Feeny (1971) named these phytotoxic substances "allelochemicals". Environmental conditions, e.g. temperature, rainfall and moisture stress, light and nutrient status affect the concentration of allelochemicals in the donor plants. In other words, the allelopathic potential of plants is heavily affected by biotic and abiotic stresses. Drought, irradiation, competitors, nutrient limitation, temperature, disease and pest damage influence the release of allelochemicals from allelopathic plants. Plants grown in dry soils show more allelopathic activity than those grown in well-watered soils (Einhellig 1995) . Furthermore, different types of allelopathic interactions occur in plants grown in dry soils compared to plants grown in well-watered soils (Einhellig 1995; Vidal and Bauman 1997; Albuquerque et al. 2011) .
It is difficult to separate resource competition from allelopathy under field conditions. Thus, different labora-tory screening techniques have been applied to measure allelopathy without the interference of resource competition. The sandwich method (Fujii et al. 2003) , agar medium selection (Fujii 1992; Wu et al. 1999) , the plant box method (Fujii 1994; Nishihara et al. 2005) and relay seedling (Navarez and Olofsdotter 1996) have been tested for bioassays. The sandwich method is an effective tool to screen for allelopathic properties under laboratory conditions. This method is less time-consuming and can be applied to screen a great number of samples.
Allelopathic potential of safflower has been reported in several studies. Miri (2011) indicated that safflower significantly reduced the germination and root and shoot growth of wild barley (Hordeum spontaneum L.) and has great potential for management of this weed in wheat (Triticum aestivum L.) production. Farhoudi and Lee (2012) showed that safflower extracts inhibited the induction of α-amylase in wild mustard (Sinapis arvensis L.) seeds. Modhej et al. (2013) found that wild mustard seedling growth and seed germination were negatively affected by safflower allelopathic extract. Furthermore, Bonamigo et al. (2013) demonstrated that seedling emergence and early growth stages of canola (Brassica napus L.) were negatively affected by safflower aqueous extracts.
Little is known about safflower allelopathic potential. Therefore, the overall objective of this study was to evaluate the allelopathic potential of 40 genotypes of safflower (Carthamus tinctorius L.) shoot residues under both normal and drought conditions using the sandwich method and to screen out highly allelopathic genotypes. A pot experiment was also carried out on four selected safflower genotypes to determine the allelopathic potential of their shoot and root residues using radish as a test plant.
Materials and Methods

In vitro experiment
Plant material
Forty safflower genotypes were grown in two moisture environments including normal conditions and drought stress at the research farm of the Isfahan University of Technology located at Lavark, Najaf-Abad, Iran (40 km southwest of Isfahan, 32°32´ N, 51°23´ E, 1,630 m asl). Details of plant material including name and origin are given in Table 1 .
Irrigation treatments
Plots received the same irrigation and agronomic management up to the heading stage of safflower genotypes. Irrigation treatments were applied after the heading stage. For normal conditions, irrigation was supplied when 45% of the total available water was depleted from the root zone. Drought treatments were irrigated when 85% of the total available water was depleted (Allen et al. 1998) . The number of days between two irrigations (irrigation intervals) varied since the evapotranspiration changed during the growing season. Thus, the irrigation intervals were 5-9 days for normal conditions and 14-28 days for stress conditions. Three soil samples were taken per plot at depths of 0-20, 20-40, and 40-60 cm for both normal and drought stress conditions every second day between two irrigations and just a day before irrigation to measure the gravimetric soil water content. The irrigation depth was calculated according to the following equation:
where: I -irrigation depth (cm); FC -soil gravimetric moisture percent at field capacity; ϴ -soil gravimetric moisture percentage at irrigation time; D -the root-zone depth; B -the soil bulk density at root zone (1.4 g · cm -3 ). Water was supplied using a basin irrigation system. In this type of surface irrigation, water is applied to a completely level area surrounded by dikes. Water was delivered from a pumping station by a polyethylene pipe. The water volume was determined using a volumetric counter.
The gross depth of irrigation was also calculated based on the following formula:
where: Ig -the gross depth of irrigation (cm); I -irrigation depth (cm); Ea -the irrigation efficiency (%) assumed as 75% during the growing season.
The plant shoot residues, except the inflorescence part of each genotype grown under both normal and drought stress conditions, were collected from the field and stored separately in paper bags. These materials were air dried at room temperature. Dried materials were kept in plastic bags at room temperature until used. In order to study the allelopathic effects of these residues, the radish seed (Raphanus sativus L.) was used as a test plant due to its sensitivity to chemical inhibitors and stimulators and its fast germination and growth. Radish seeds were surface sterilized with 3% sodium hypochlorite for 10 min, and thoroughly rinsed with sterilized distilled water. Radish seeds were also sterilized with fungicide Rovral ® 50WP (iprodione) to prevent fungal contamination. For treatment, 100 g of radish seeds and the fungicide were placed in a conical flask. The flask was tightly closed with a polystyrene cork and hand shaken for about 10 min to uniformly coat the seeds with the fungicide.
Preparation of growth medium
Based on the results of Fujii et al. (2003) agar growth medium in the sandwich method was found to be the best method for radish seedling growth. Agar (0.5% w/v) was also applied as the growth medium. During the experiments, the culture medium and all devices were sterilized by autoclave at 121°C and transferred to a tissue culture room.
Growth conditions and growth measurement
In order to perform the experiment, 0.4 g residue of each genotype grown under both normal and stress conditions was placed in a sterile Petri dish and subsequently two layers of agar (each 5 ml) were poured on the dried residues. Thirty radish seeds were placed on agar medium. The Petri dishes were sealed with parafilm and wrapped in aluminum foil in order to create dark conditions. The radish seeds were also cultivated without safflower residues as a control. These Petri dishes were kept in a germinator [11 : 13 h ( L : D) at 13-25°C] for 3 days. After this incubation time, the length of the radicle and hypocotyl and fresh biomass weight were measured and the seed germination percentages were recorded.
The factorial experiment with two factors including safflower genotypes and irrigation treatments was conducted based on completely randomized design.
Pot experiment
In order to determine the allelopathic effect of safflower residues produced under normal irrigation and drought stress, a pot experiment was carried out on four genotypes selected after screening 40 safflower genotypes grown under normal irrigation in the first experiment. Two genotypes with the highest inhibitory effects and two genotypes with the lowest inhibitory effects were used in this experiment. Before cultivation, the amount of sand that was used as a culture medium was dried for 48 h in the shade. Then, a plastic pot, was filled with 1 kg sand and weighed (1.2 kg). The sand was watered, until it was saturated. The pot was then covered with a plastic cover and was weighed again after 36 h. This weight (1.5 kg) was considered as field capacity (FC). The difference between the weight of dry soil and the field capacity was considered to be the amount of available water (300 g). Therefore, watering was done according to the amount of available water. At the time of planting, the seeds of four safflower genotypes were prepared and planted in pots containing sand. Watering was done every three days. Pots were kept in a growth chamber at 30°C for two months. After the seedling establishment and before entering the reproductive phase, irrigation treatments were applied for a month on two levels. At the first level (normal irrigation) irrigation was done every three days on half pots and at the second level (drought stress), every six days on the other half. Then, shoots were harvested and placed in the shade for 48 h, until completely dried. The residues were milled. New pots were then filled with sand and 14 g of residues were mixed with five centimeters of top soil. Then, in each pot 15 radish seeds (as test plants) were sown. The pots with safflower genotypes used as a medium grew radishes in order to evaluate the allelopathic effect of root residue. Then, the pots were kept in a growth chamber at 25°C for 2 weeks. On the fifth day after planting, radish seedlings were thinned. In the second week after planting, seedlings were harvested and shoot length, fresh biomass weight, and germination percentage were measured.
The factorial experiment with three factors used a completely randomized design. The first factor was the type of safflower genotype with four levels. The second factor was irrigation with two levels, normal irrigation and drought stress. The third factor was the type of plant part used as a residue with two levels of root and shoot residues.
Results
In vitro experiment
The type of safflower genotype and irrigation level had significant effects on all studied germination traits of radish at 1% level. The interaction effect had no significant impact on measured traits, but its impact on the germination percentage was significant at 1% level ( Table 2 ). The findings revealed that drought stress led to increased allelopathic potential of safflower residues and inhibition on radish radicle and root length, fresh biomass weight **significant at the 1% probability level; ns -not significant and germination percentage in comparison with normal irrigation. Among the measured traits, fresh biomass weight had the most sensitive to safflower residues, i.e. residues which caused a decrease in biomass production (Tables 3, 5, 6 ). Among the genotypes grown under normal irrigation, Australia (PI 262424) and Kerman (CTNIR9) genotypes had the minimum and Khorasan (Khorasan330) and Egypt (PI 657800) genotypes had the maximum inhibitory effects on radish radicle length, hypocotyl length, fresh biomass weight and germination percentage (Table 3) .
Among the safflower genotypes grown under drought stress, Australia (PI 262424) and Kerman (CTNIR9) genotypes possessed the least inhibition on radish radicle length, hypocotyl length, fresh biomass weight and germination percentage. Bangladesh (PI 401470) and Greece (PI 254976) genotypes also had little inhibitory effects on radish radicle length. Khorasan (Khorasan330) and Egypt (PI 657800) genotypes had the most inhibitory effects on radish radicle length, hypocotyl length, fresh biomass weight and germination percentage. Cyprus (PI 533619) genotype also possessed significant inhibition on radish fresh biomass weight and germination percentage (Table 3) .
Investigation of safflower genotypes cultivated under normal irrigation revealed that while Khorasan (Khorasan330) and Egypt (PI 657800) genotypes had the maximum inhibitory effects on growth parameters, Australia (PI 262424) and Kerman (CTNIR9) genotypes possessed the minimum inhibitory effects (Table 3) .
Pot experiment
Irrigation level, type of safflower genotype and plant part used for treatments had significant effects on shoot length and fresh biomass weight at 1% level and non-significant effects on germination percentage. Interaction effects had no significant impact on measured traits except for the interaction effect of safflower genotype type and plant part type, which had a significant impact on radish fresh biomass weight at 1% probability level (Table 4) .
The results of this experiment showed that application of safflower residues in soil caused a reduction in radish shoot length, fresh biomass weight, and germination percentage. The number of radish seedlings grown in the presence of root residues was less than seedlings grown in the presence of shoot residues. Khorasan (Khorasan330) and Egypt (PI657800) genotypes showed the most inhibitory effects on measured traits of radish while Australia (PI 262424) and Kerman (CTNIR9) genotypes had the minimum inhibitory effects. Moreover, the residues of safflower genotypes grown under drought stress had more allelopathic potential (Tables 5, 6 ). Pot experiment result s were in agreement with in vitro experiment findings. **significant at the 1% probability level; ns -not significant Evaluation of allelopathic potential of safflower genotypes (Carthamus tinctorius L.) 369
Discussion
The results of this study demonstrated that safflower residues inhibited growth parameters of radish seedlings such as radicle length, hypocotyl length, fresh biomass weight and seed germination percentage. The results are consistent with those of Miri (2011), Farhoudi and Lee (2012) , Modhej et al. (2013) , and Bonamigo et al. (2013) who reported the inhibitory effect of safflower on growth and germination traits of different plant species. Miri (2011) studied the allelopathic potential of some important crop species on wild barley (H. spontaneum), a major weed of wheat (T. aestivum) in Iran. Most crop species inhibited wild barley germination and root growth. The greatest inhibitory effects were observed in species like sugar beet (Beta vulgaris L. ssp. vulgaris var. altissima), safflower (C. tinctorius), sorghum (Sorghum bicolor L.) and most legume species. Farhoudi and Lee (2012) reported the allelopathic effect of safflower on seed germination and induction of α-amylase of wild mustard (S. arvensis). Seed germination, lipid peroxidation malondialdehyde (MDA) concentration, seedling fresh weight and seedling length of wild mustard was reduced when safflower extract concentration was enhanced but mean germination time was reduced. Safflower extracts also inhibited the induction of α-amylase in target seeds and the inhibition increased with increasing extract concentrations. Modhej et al. (2013) evaluated the allelopathic effects of four crops including wheat, barley, canola, and safflower on seed germination and embryonic growth of wild mustard by applying different aqueous extract concentrations of the crops. Wild mustard traits were significantly affected by different aqueous extract concentrations of the crops. According to their results, stronger inhibitory allelopathic effects were observed when an aqueous extract of safflower was applied. Bonamigo et al. (2013) reported that the allelopathic effects of safflower aqueous extracts significantly affected seedling emergence and early growth of canola (B. napus). Similar observations have been reported in other plant species. Chung et al. (2001) showed that residues of rice (Oryza sativa L.) genotypes reduced leaf area, dry weight and the number of tillers in barnyard grass (Echinochloa crus-galli L.) in greenhouse and field conditions. Amini et al. (2009) reported that ryegrass (Lolium perenne L.) had an inhibitory effect on wheat root growth. Similarly, Ashrafi et al. (2008) reported that mixing fresh sunflower (Helianthus annuus L.) residues in soil, reduced germination, height, and weight of wild barley more than non-residue (control). According to Niakan et al. (2013) , all growth parameters such as length, fresh and dry weight of root and shoot, number and area of sorghum leaves were significantly reduced in response to drought (abiotic stress) and eucalyptus (Eucalyptus globulus Labill.) leaf compost (biotic stress). The reduction resulting from Eucalyptus leaf compost is more severe. Sabagh Nekonam et al. (2014) studied the allelopathic effects of Crocus sativus L., Ricinus communis L., Nicotiana tabacum L., Datura inoxia Mill., Nerium oleander L., and Sorghum vulgare L. on the germination and growth of Amaranthus retroflexus L. (redroot pigweed). All aqueous extracts showed significant inhibitory effects on the germination, seedling length and weight of redroot pigweed plants under laboratory conditions and extracts and the powder of these plants showed significant inhibitory effects on pigweed dry weight, height, leaf area, the number of survivor plants, and the amount of chlorophyll under greenhouse conditions. The results indicate that safflower shows strong allelopathic activity and safflower residues have growth inhibitory effects. Strong inhibitory allelopathic effects of safflower have been reported in earlier research by Miri (2011) and Modhej et al. (2013) .
Different safflower genotypes possess different allelopathic potential. The results of both in vitro and pot experiments revealed that Khorasan (Khorasan330) and Egypt (PI 657800) genotypes had the most inhibitory effects and Australia (PI 262424) and Kerman (CTNIR9) genotypes had the minimum inhibitory effects. Further research could be carried out on these genotypes. Different parts of safflower plants exhibited variability in allelopathic potential (root > shoot). The difference in allelopathic effects of various plant parts may represent the presence of different allelochemicals or concentrations of allelochemicals in the various plant parts (Miri 2011) . Since safflower root residues decreased radish growth parameters more than shoot residues, it may be concluded that allelochemicals are not uniformly distributed in the safflower and that safflower roots possess a higher level of inhibitory chemical substances. It is also possible that there are different allelochemicals in these two parts. Similarly, Miri (2011) compared the inhibitory effects of leaves, stems, and root extracts of different species. There was considerable variation in the distribution of allelochemicals in different plant parts. According to his results, safflower stem extract showed lower inhibitory effects on seed germination and root and shoot length of wild barley than leaf and root. Wu et al. (2000b Wu et al. ( , 2001 ) also reported that allelochemicals are differently distributed in wheat with roots having a much higher level of allelochemicals than the stem. According to the findings of Nimbal et al. (1996) , Czarnota et al. (2003) and Yang et al. (2004) , sorgoleone, an allelochemical of sorghum, constituted more than 80% of root exudate composition but none was found in immature and mature leaves and stems of sorghum. To the best of our knowledge, there is no information about the exact components of allelochemicals in safflower and additional research is required to identify the safflower allelochemicals and their distribution in different safflower parts. Allelopathic potential of plants is enhanced and induced under environmental stress (Zhu et al. 2010) . According to Tang et al. (1995) Tagetes erecta L. produced a higher concentration of phenolics under water stress in comparison with normal water. As reported by Tongma et al. (2001) , drought conditions not only directly led to a reduction in plant growth but also increased the allelopathic activity of Mexican sunflower (Tithonia diversifolia L.). Kong et al. (2002) discovered that Ageratum conyzoides L. under water deficit and nutrient stress showed strong allelopathic potential. Emeterio et al. (2004) observed that the inhibitory allelopathic effect of Lolium rigidum Gaud. on the root growth of other plants increased under drought stress. Oueslati et al. (2005) also reported that the auto-toxic effect of Hordeum vulgare L. grown in an arid region was correlated closely with water conditions in the growth season; the most serious drought resulted in stronger auto-toxic effects. Thus, the results of our experiment agree with earlier research which found stronger allelopathic effects under drought stress.
It is essential to study the types of allelochemicals produced and their distribution in different parts of safflower. Further research is absolutely required to test the efficacy of safflower residues or extracts on weed control under field conditions and to identify the exact components of allelochemicals in safflower. The most allelopathic genotype of this study could also be furthered research. It is worth studying the effects of allelochemicals on crop growth under varied growth conditions such as a variety of soil types, water and soil availability, climate conditions, and previous or companion crops. Comprehensive research is required to optimize the appropriate concentrations of allelochemicals, to study their modes of action, to analyze biochemical and genetic properties of safflower and to apply breeding and biotechnology in order to develop potential varieties producing more allelochemicals (Einhellig 1996; Albuquerque et al. 2011; Farooq et al. 2013) .
